Yeasts of the genus Lipomyces are known as fat yeasts, and they store large amounts of lipids. Because the major lipid produced by Lipomyces is triglyceride, which can be used as a food and energy resource, the control of lipid production by Lipomyces sp. is an important issue. Here we report the effects of UV irradiation on lipid production in Lipomyces lipofer cells. UV irradiation (315-400 nm) led to a 4-fold increase in the amount of triglyceride per cell. We discovered a novel phenomenon, that UV irradiation promotes triglyceride accumulation in L. lipofer.
Recently alternative and renewable energy sources, such as biodiesel fuel from oleaginous micro-organisms, have received considerable research and general interest because their development is associated with lower fossil fuel use, which should help in eliminating great risks to the survival of human society, such as geopolitical strife from competition for dwindling resources and global climate change caused by net increases in atmospheric CO 2 . Furthermore, biodiesel fuel has many advantages, such as a short life cycle and low dependence on season, venue, and climate. 1, 2) Yeasts of the genus Lipomyces have long been known as oleaginous yeasts that store large amounts of lipids in their cells. 3, 4) The major lipid produced by these yeasts is a triglyceride, TG, containing oleic acid (18:1) as the primary fatty acid component. 5, 6) Thus, these oils are similar to commercial oils and fats, and they are available as food and energy resources. 7, 8) The total amount of TG produced by yeast is sensitive to various culture conditions, including the concentrations of sugar and metal cations, pH, and temperature, [9] [10] [11] but, there have been no studies investigating the effects of light irradiation on lipid production in yeast.
Although light is one of the most important environmental factors, the photo-response in non-phototrophic organisms is poorly understood, with some exceptions, such as DNA photolyase, cryptochrome, 12) and lightinduced carotenogenesis, 13) which are affected mainly by blue-light irradiation. In yeast, the effect of illumination on carotenoid synthesis has long been known, [14] [15] [16] but the molecular mechanism has not been sufficiently characterized. [17] [18] [19] Here we investigated the effects of UV irradiation on lipid production in Lipomyces lipofer. The results indicate that UV irradiation promotes triglyceride accumulation in L. lipofer.
Materials and Methods
Chemicals and reagents. All medium components for the growth of yeast and other reagents were obtained from Wako Pure Chemical Industries (Osaka, Japan). Antifoam Kao No. 1 was kindly provided by Kao (Tokyo).
Organism and culture. L. lipofer (NBRC 0673) was obtained from the National Institute of Technology and Evaluation of Japan (Tokyo). YM (Yeast Malt Peptone) agar medium (1% glucose, 0.5% peptone, 0.3% yeast extract, 0.3% malt extract, and 1.5% agar), and modified YM medium (1% glucose, 0.5% peptone, 0.3% yeast extract, 0.3% malt extract, and 0.01% antifoam Kao No. 1, which was added to prevent excessive occurrence of bubbles under vigorous shaking) were used for plate culture on 10-cm diameter Petri dishes (Greiner BioOne, Frickenhausen, Germany) and for liquid culture in 30-mm diameter test tubes (AGC Techno Glass, Chiba, Japan) respectively. The cultivation temperature was maintained at 25 C.
Plate culture. After subculturing it twice on YM agar medium in the dark, one colony was suspended in sterile water and inoculated onto other agar plates with a dilution of hundreds of cells on each plate. The plates were divided into five groups: Dark (continuous dark cultivation); LowUV (continuous UV irradiation at an intensity of 150 mW/cm 2 ); HighUV (continuous UV irradiation at an intensity of 350 mW/cm 2 ); 3D+LowUV (after 3 d of cultivation in the dark, UV irradiation at an intensity of 150 mW/cm 2 ), and 3D+HighUV (after 3 d of cultivation in the dark, UV irradiation at an intensity of 350 mW/cm 2 ). After 10 d of cultivation, each cell was observed under a BZ-9000 microscope (Keyence, Osaka, Japan). Two 10-W black light lamps (FL10BLB, National, Osaka, Japan; peak wavelength, 352 nm) were used as the UV light source, corresponding to UV-A region (315-400 nm). A 10-W fluorescent light (FL10EDL, National) with a UV filter (GF201-1, Sangetsu, Nagoya, Japan) was used as the white-light (400-800 nm) source. C. After washing with 60% isopropanol for 8 min, the stained cells were examined under a microscope.
Liquid culture. For UV irradiation, L. lipofer was cultured with 10 ml of YM medium in a large test tube (30 mm in diameter) on a reciprocal shaker (200 rpm). After the seeded culture reached an optical density (OD) of 1.0 at 660 nm, 100 ml of it was transferred to fresh YM medium and cultured under the same conditions. The test tubes were divided into two groups: Dark (continuous dark cultivation) and UV (continuous UV irradiation at an intensity of 800 mW/cm 2 ). Cell growth was monitored by measuring the optical density at 660 nm (OD660). An OD660 of 1 was estimated to be about 1:25 Â 10 4 cells/ml using a hemocytometer. After 5 d of cultivation, the cells were harvested by centrifugation at 2,000 rpm for 2 min, and the amount of TG in the cells was determined. The consumption of glucose in the medium was determined by Glucose CII Test Wako (Wako, Osaka, Japan) based on the Mutarotase-GOD method.
21)
Quantitative determination of triglyceride in the cells. The total TG in the cells was quantified using a LabAssayÔ Triglyceride kit (Wako), which is based on the GPO-DAOS method. 22) After that the cells were harvested from 6 ml of the 5-d cultivated medium with a cooled centrifuge, immediately suspended in 1 ml of 80 C ethanol, and incubated at 80 C for 30 min to inactivate lipolytic enzymes. 23) It was confirmed that this ethanol extract contained no TG using the Lab LabAssayÔ Assay Triglyceride kit. After the cells were collected by centrifugation, they were resuspended in 500 ml of isopropanol and homogenized with zirconia beads using an SH-100 sample homogenizer (Kurabo, Osaka, Japan). The homogenized extract solution was centrifuged (20;600 g, 10 min), and the supernatant was used for assay. A 20-ml extract was added to 1 ml of color reagent containing chromogen substrate. The mixture was incubated at 37 C for 5 min, and the absorbance at 600 nm was measured. A glycerol solution (312 mg/ml, corresponding to 3 mg/ml of triolein) was used as the standard.
Determination of fatty acid composition by gas chromatography. For gas chromatography, the crude extracts were transesterified with H 2 SO 4 /methanol. Fatty acid methyl esters were separated by gas chromatography on a GC-2014 gas chromatograph (Shimadzu, Kyoto, Japan) using an Omegawax capillary column. Fatty acids were identified by comparison with commercial fatty acids based on their retention times. For quantitative determination, pentadecanoic acid (15:0), which is scarcely detectable in L. lipofer, 24) was used as an internal standard.
Results and Discussion
The effect of UV irradiation on lipid storage in L. lipofer was observed by monitoring lipid droplets under a microscope as a white circle in the cell (Fig. 1) . The HighUV group showed inhibition of growth of L. lipofer, and no colony was formed, while the Low-UV, 3D+LowUV, and 3D+HighUV groups showed colony formation. The proportion of large lipid droplets increased in the UV-irradiation groups ( Fig. 2A and B) . lipid droplets as Dark. We identified these lipids as mainly neutral fat by oil red O staining (data not shown). These results suggest that UV irradiation increased the amount of TG in L. lipofer.
Next, to confirm and quantify lipid production of L. lipofer, cells were cultured in liquid medium with vigorous reciprocal shaking (200 rpm) and placed under UV irradiation conditions. UV irradiation retarded cell growth during the log phase and suppressed total glucose consumption as compared to dark-grown yeast (Fig. 3) , but there was no difference in cell viability between the dark and the UV irradiation group, as determined by trypan blue-staining methods. That is, UV-A irradiation hardly induced cell death in L. lipofer. Compared to cells grown in the dark (3.3 mg/10 6 cells), continuous UV irradiation induced a 4-fold increase in TG per cell (12.3 mg/10 6 cells) (Fig. 4) . This indicates that UV irradiation increases the amount of TG produced in L. lipofer even in a liquid culture.
Stress factors such as external osmolarity are known to increase glycerol synthesis in yeast. 25) We determined the amount of free glycerol, which can be detected with the LabAssayÔ Triglyceride kit, in a water extract of L. lipofer. No glycerol was detected (data not shown). This indicates that glycerol did not accumulate in UVirradiated L. lipofer.
To determine the effects of UV irradiation on fatty acid composition in L. lipofer, gas chromatography analysis was performed (Table 1) . Although the total amount of fatty acids was increased by UV irradiation, the proportion of each fatty acid showed no significant difference between dark and UV treatments. Oleic acid (18:1) accounted for approximately half of the total fatty acid in L. lipofer, followed by palmitic acid (16:0), in both the presence and the absence of UV light. These data are in good agreement with standard fatty acid compositions reported previously. 5, 24) Correspondingly, the value of C 16 /C 18 showed no difference between dark and UV treatments. However, the value of DUS (the degree of fatty acid unsaturation) was decreased slightly by UV irradiation. This indicates that the proportion of unsaturated fatty acids, such as palmitoleic acid (16:1), linoleic acid (18:2), and linolenic acid (18:3), was decreased. These unsaturated fatty acids are known to be higher in phospholipids than in neutral lipids. 5) Therefore, the data that DUS decreased with UV irradiation suggest that UV irradiation decreased the amount of phospholipids. These gas chromatography data suggest that UV irradiation did not induce unusual chemical changes (e.g., direct cleavage of fatty acid) but activated the metabolic pathways that originally existed in L. lipofer.
Glucose consumption in the UV-irradiation groups was higher as compared to their growth (Fig. 3) . That is, the glucose in the UV group was 80% used after 5 d, but growth reached only 60% of the growth of the dark- cultivation group (Fig. 3) . Thus, the cell-mass of the UV group did not reach that of the dark group when we continued additive cultivation for several days (data not shown). Furthermore, to investigate the possibility that UV irradiation directly altered the energy source in the medium for TG production, we cultured L. lipofer in pre-UV treated medium in the dark. The amount of TG in these cells showed no increase (data not shown). These results suggest that UV irradiation affected the glucose metabolic pathway in L. lipofer, but not the medium composition producing TG.
There are two possible glucose metabolic pathways affected by UV to produce TG. One is the citric acid cycle, and the other is glycolysis. Because many products are derived from the citric acid cycle, if UV irradiation disturbs this cycle, many metabolic pathways can be altered in the cells. In glycolysis, the intermediate, dihydroxyacetone phosphate (DHAP), is the source of biosynthesis of the triglyceride. It is possible that UV irradiation affects the activity of triose-phosphate isomerase (EC 5.3.1.1), which catalyzes the reversible interconversion of DHAP and D-glyceraldehyde 3-phosphate. In each case, further studies are required to determine whether UV irradiation affects these glucose metabolic pathways.
The other metabolism regulated by UV has been found in carotenogenesis in Rhodotorula minuta.
26) Tada and Shiroishi 27) reported that 3-hydroxy-3-methyl glutaryl Coenzyme A (HMG-CoA) reductase (EC 1.1.1.34) in Rh. minuta was upregulated by continuous illumination, and they postulated that photoregulation of carotenogenesis results from photo-inducted HMG-CoA reductase. HMG-CoA reductase plays an important role in the biosynthesis of steroids and isoprenoids, but not in the biosynthesis of neutral lipids. Hence it is difficult to explain the increases in the amount of TG only by upregulation of HMG-CoA reductase. An unknown photo-susceptible metabolic pathway might exist.
In conclusion, we discovered a novel phenomenon, that UV irradiation promotes the accumulation of TG in L. lipofer. This effect was not observed under whitelight irradiation or in UV-treated medium. To our knowledge, this is the first report that UV irradiation affects neutral fat metabolism. This control strategy for lipid metabolism by UV irradiation should be useful in biodiesel production from oleaginous microorganisms. 
